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Zhong was responsible for the literature review, experimental design, data collection, 
results analysis, figures, tables and writing the paper. Pratiksha Rakhe’s contribution in 
this project was on writing. J. M. Pearce contributed on the experimental design, writing, 
editing and consultation. 
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Abstract 
 
Following the goals of a circular economy, the growth of both plastic consumption and 
prosumer 3-D printing are driving an interest in producing 3-D printer filament from 
waste plastic. However, traditional recycling can have a significant environmental impact 
as it demands the collection and transportation of relatively low-density waste plastics to 
collection centers and reclamation facilities for separation and reconstruction.  Compared 
to the traditional recycling, distributed recycling (where consumers directly recycle their 
own waste) has the potential to reduce energy consumption because it can save the 
energy for transportation needed in conventional recycling. A promising method of such 
distributed plastic recycling is to upcycle plastic waste into 3-D printing filament with a 
recyclebot, which is an open source waste plastic extruder. 
In order to characterize the energy sustainability of this distributed recycling method, this 
study quantifies the embodied energy of a vertical DC solar-photovoltaic powered 
recyclebot based on life cycle energy analysis and compares it to horizontal AC 
recyclebot, conventional recycling and production of virgin 3-D printer filament. The 
energy payback time (EPBT) is calculated using the embodied energy of the materials 
making up the recyclebot itself and found to be about 5 days for extrusion of poly lactic 
acid (PLA) filament or 2.5 days for extrusion of acrylonitrile butadiene styrene (ABS) 
filament. The EPBT of a mono-crystalline silicon solar photovoltaic system is about 2.6 
years alone. However, this can be reduced by over 96% if the solar photovoltaic system 
powers recyclebot to produce PLA filament from waste plastic (EPBT is only 0.10 year 
or about a month).  Likewise, if ABS filament is produced from a recyclebot powered by 
 xii 
 
solar PV system, the energy saved is 90.6-99.9 MJ/kg and 26.33-29.43 kg of ABS 
filament needs to be produced in about half a month for the system to pay for itself. The 
results clearly show that the solar PV system powered recyclebot is already an excellent 
way to save energy for sustainable development. 
If the recyclebot is combined with an open source self-replicating rapid prototyper 
(RepRap) 3-D printer, then the post-consumer plastics can be turned into useful and more 
valuable products directly. In order to analyze the impact of combining these two 
methods, this project also combines the distributed recycling method using a vertical 
recyclebot to make filament with distributed manufacturing using a delta RepRap to print 
useful products from post-consumer e-waste. Specifically, this study analyzes the 
recycling of ABS from computer waste into valuable consumer products pre-designed in 
the digital commons. The total electrical energy consumption for the combined process is 
monitored and an economic evaluation is completed. It is clear that using traditional 
recycling and manufacturing methods to produce an ABS product consumes more than 
double the energy compared to coupled distributed recycling and manufacturing method 
for complex products. Even more energy is saved for simple products. Simultaneously 
products valued in dollars can be made for pennies using the more environmentally-
responsible combined processes.  It is clear from the results that in the short-to-medium 
term, waste plastic from discarded e-waste can be significantly upcycled at the individual 
level using this commons-based approach. This tightening of the loop of the circular 
economy is a benefit of the environment and sustainability as well as the economic 
stability of consumers/prosumers.   
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1. Introduction 
1.1 Motivation and Hypothesis 
The object of this study is to follow the goals of circular economy, which is to decrease 
the energy and raw material consumption, reduce the cost of 3-D printing and increase 
the economic benefit of distributed recycling and manufacturing. The open source 
granulator and recyclebot are used to recycle thermoplastic and self-replicating rapid 
prototyper (RepRap) 3-D printer is used to produce products from recycled filament. 
Recycling plastics by recyclebot has the potential to save energy and raw materials, and 
the recyclebot powered by PV system can save energy further. Depending on the 
embodied energy of the plastic material, the energy payback time of PV combined 
recyclebot system varies slightly, but it is much less than the energy payback time of an 
individual PV system, which is already excellent for a commercial product (most never 
pay for themselves energetically).  
The recycled filament from recyclebot can be used to print valuable products by RepRap, 
which can save energy from transportation and save materials by adjusting the fill density 
of products compared to traditional manufacturing method. 3-D printers allow for 
accurate fabrication and scale models as it can directly produce complex parts by 
building a component in layers from 3-D digital designs with essentially no material 
waste. The coupled distributed recycling and manufacturing method with recyclebot and 
RepRap tightens the recycling and production loops by decreasing the energy and 
materials consumptions, and generates great circular economic benefit for prosumers. 
 
1.2 Thesis Outline 
Chapter 2 investigates the embodied energy of recyclebot and a mono-crystalline silicon 
solar photovoltaic system, and estimates the energy payback time of an individual 
recyclebot and the PV powered recyclebot system based on the energy saved from 
plastics recycling of PLA. Chapter 3 describes a coupled distributed recycling and 
manufacturing method with recyclebot and RepRap. The post-consumer ABS plastic is 
recycled by the recyclebot, and RepRap uses the recycled filament to print valuable 
products. The energy consumption in the distributed recycling process and manufacturing 
process are compared to the traditional recycling method and manufacturing method. 
Finally, Chapter 4 discusses the experimental results in a broader perspective and draws 
recommendations for the future work. 
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Figure 1.1 The chemical structure for PLA [1] 
 
 
Figure 1.2 The chemical structure for ABS [2] 
 
Table 1.1 Some properties for PLA and ABS 
 PLA ABS 
Glass transition temperature (°C) 55-56 [3] 115.5 [4] 
Degradation temperature (°C) 200 [5] 300-450 [6] 
Tensile strength (MPa) 53 [3] 50 [7] 
Elongation at yield (%) 1.7 [8] 7.5 [7] 
 
1.3 Reference 
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U.S. Patent 4,567,218, issued January 28, 1986. 
3. Nampoothiri K. Madhavan, Nimisha Rajendran Nair, and Rojan Pappy John. An 
overview of the recent developments in polylactide (PLA) research. Bioresource 
technology 2010;101(22):8493-8501. 
4. Li Yongjin, and Hiroshi Shimizu. Improvement in toughness of poly (l-lactide) 
(PLLA) through reactive blending with acrylonitrile–butadiene–styrene copolymer 
(ABS): morphology and properties. European Polymer Journal 2009;45(3):738-746. 
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Environment 2001;9(2):63-84. 
6. Wang Shaofeng, Yuan Hu, Zhengzhou Wang, Tang Yong, Zuyao Chen, and Weicheng 
Fan. Synthesis and characterization of polycarbonate/ABS/montmorillonite 
nanocomposites. Polymer Degradation and Stability 2003;80(1):157-161. 
7. Kim Jin Kuk, and Chang K. Kang. Basic studies on recycling of ABS resin. Polymer-
Plastics Technology and Engineering 1995;34(6):875-890. 
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2. Energy Payback Time of Solar Photovoltaic 
Powered Waste Plastic Recyclebot System1 
2.1 Introduction 
 Global plastic production is growing 3.86% per year and is expected to increase to 
850 million tons per year by 2050 [1, 2]. This growth aggravates the challenges of waste 
plastics disposal, especially in remote areas [3]. Landfill and incineration methods induce 
several negative environmental issues [4, 5, 6], and this linear model of resource 
consumption with a “take-make-dispose” pattern has increasingly significant economic 
limits [7]. To mitigate the contradiction between the rapid economic growth and the 
shortage of virgin materials and energy, the circular economy was first proposed in 1998 
to build up the circular flow of materials and the use of resources and energy through 
multiple phases [8, 9]. Following the goals of a circular economy, recycling is becoming 
the mainstream method to dispose of waste plastics [10]. The conventional recycling 
method is to collect and transport waste plastic to a collection center and reclamation 
facility for separation and recycling [11]. This method usually consumes large amounts 
of energy for transportation [12], and needs considerable labor to separate the waste 
plastics [13]. In developing regions, this labor is provided by waste pickers, which collect 
post-consumer plastic in landfills [14]. 
 Compared to conventional recycling methods, distributed recycling of plastic has 
the potential to conserve energy. For example, plastic air-filled bottles have been used as 
building units to replace traditional concrete blocks and have demonstrated superior 
thermal insulation [15]. This conserves energy used for the resultant building HVAC as 
well as the embodied energy of concrete and conventional recycling of waste plastic.  
Another example uses plastic containers converted into bio-gas digesters, which 
demonstrated higher gas yields in black-coated plastic containers than other materials 
[16]. Those studies indicate that distributed plastic recycling has potential to conserve 
energy for sustainable development. In this study, another distributed recycling method 
using a recyclebot is investigated in detail. 
 The recyclebot, an open source waste plastic extruder, offers a new approach to 
plastics recycling, which can be distributed and operated as a small business or even in 
the home [17]. The recyclebot contains a feeding zone, heating pipe and extrusion 
section. Plastic melts in the heating pipe and is extruded through a nozzle to form 
filament for 3-D printing [17]. This recycling method is not difficult to operate and is 
supported for many thermo-plastic products, which are identified with recycling codes 
[18]. The system is automated although the plastic containers must be cleaned and 
shredded before processing in the recyclebot. Using a recyclebot in the location that 
                                                          
1 The material contained in this chapter is to be submitted to the journal. 
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plastic waste is generated not only saves the energy for transportation [19, 20], but can 
also increase personal income when the filament is sold [14]. As 3-D printing technology 
is developing to be of wide applicability for distributed manufacturing throughout the 
world [21, 22, 23], expensive commercial filament is one of remaining impediments to 
extended popularity of 3-D printing. The application of a recyclebot, which can produce 
filament for about 10 cents per kg of electricity [17], can further improve the economics 
of 3-D printing and extend distributed manufacturing [24]. 
 The conventional recyclebot is powered by grid-provided electricity (referred to 
here as an AC recyclebot for clarity). For an AC recyclebot previous studies have shown 
that the embodied energy for shredding waste plastic is trivial, so the energy for 
producing filament is equivalent to the electricity consumption of the recyclebot alone 
[25]. The emissions from recycling waste plastic into 3-D printer filament are thus 
dependent on the greenhouse gas emissions of the electric grid that varies widely, from 
0.00019 to 1.94 kg/kWh [26]. 
 As a potential source of wide-scale renewable energy, solar electricity generation 
is increasing in popularity globally because of technical advances and reductions in costs 
[27]. Solar photovoltaic (PV) technology has been found to be particularly appropriate in 
the developing world [28,29, 30, 31, 32, 33]. Recent developments in the RepRap 3-D 
printer community [34] to make PV-powered 3-D printer designs [35, 36] can be directly 
transferred to direct current (DC)-based recyclebot technology [37]. These solar-powered 
recyclebots would have a double effect on energy and emissions savings. First, they 
offset grid electricity to make commercial 3-D printer filament and then again by 
reducing energy used and emissions with distributed recycling itself.  
 The solar-powered recyclebot has not been quantified previously and to do this a 
life cycle energy analysis is needed. Energy analysis is the process of determining the 
energy required directly and indirectly to allow a system to produce a specific good or 
service. Energy payback time (EPBT) is one metric adopted by several analysts in 
characterizing the energy sustainability of various technologies [38]. 
 This paper quantifies the embodied energy of a vertical DC solar-powered 
recyclebot based on life cycle energy analysis and compares it to horizontal AC 
recyclebot, conventional recycling and production of virgin 3-D printer filament. The 
EPBT is calculated using the embodied energy of the materials making up the recyclebot 
itself. The mass of 3-D printer filament that the recyclebot must produce to offset the 
embodied energy for creating the recyclebot device is calculated. In addition, after 
combining a recyclebot and solar photovoltaic system, the amount of filament needed to 
pay for the whole system is also calculated, as well as the energy payback time. These 
results are compared to previous studies that investigated only the energy payback time 
for PV alone and discussed in the context of distributed recycling, energy conservation 
and GHG emissions mitigation. 
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2.2 Methodology 
2.2.1 Energy Payback Time 
 The goal of this study is to investigate the energy payback time of solar 
photovoltaic powered vertical DC recyclebot, which consists of the PV module, a small 
battery system and all the parts for the thermo-mechanical system of the recyclebot. The 
EPBT can be mathematically determined by, first determining the energy saved by a 
system, 
  S F GE E E= −          (2.1) 
where ES (MJ) is the energy saved by system, EF (MJ) is the energy needed to form the 
system, EG (MJ) is the energy generated or conserved by system. 
 The input energy EF in the system can be classified as the respective embodied 
energies of each material present in the whole device. Embodied energy is the amount of 
energy required to produce the material in its product form [39]. 
 EPBT for recyclebot alone will be calculated as: 
 ( ) vEE
E=EPBT
WV
R
recyclebot ∗−
 (Unit: hour)     (2.2) 
where ER (MJ) is the embodied energy of recyclebot, EV (MJ/kg) is the energy for 
producing filament from virgin material, EW (MJ/kg) is the energy for producing filament 
by recyclebot from waste plastic, and v (kg/h) is the extrusion rate. 
 EPBT of solar photovoltaic system powered recyclebot can be calculated as, 
 
vE
E=EPBT
V
whole
whole ∗
  (Unit: hour)      (2.3) 
where Ewhole (MJ) is the embodied energy of the whole system, which is the sum of the 
embodied energies of recyclebot and solar PV system. 
 The energy for producing recycled filament (ER) and the filament extrusion rate 
(v) are obtained from the filament production experiment, and the detailed process is 
introduced in 2.2.3. The energy for producing commercial filament (EV) is estimated with 
the plastic embodied energy, which is searched from the CES EduPack which provides a 
comprehensive database of materials and process information, powerful materials 
software tools, and a range of supporting resources [40, 41]. The embodied energy of 
recyclebot (ER) is calculated by the sum of embodied energies of all components, but the 
manual energy (e.g. human labor) is not included, and the detailed process is introduced 
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in 2.2.2.2. The embodied energy of the solar PV system is estimated by the PV module 
area, and the energy consumption to produce the PV system in unit size is also 
determined from prior LCA studies, and the detailed information is in 2.2.2.1. A previous 
study investigating a horizontal AC-powered recyclebot found the energy for producing 
filament to be low (8.74 MJ to produce 1 kg HDPE filament) compared to production 
from virgin resin (76.7 MJ/kg) and waste HDPE processed in a conventional recycling 
center (48.9 MJ/kg) [25]. It should be noted that the energy required during the extrusion 
differs with thermoplastic materials and insulation used on a particular recyclebot 
machine. 
 The solar modules use solar insolation for the generation of electricity, which is 
stored in batteries. The power from the battery is then used to power the recyclebot for 
the extrusion of filament. The total energy used in the whole process from solar panels to 
extrusion can be calculated with the consumed energy during extrusion. These calculated 
energies can now be used in obtaining the EPBT of the whole system. 
 
2.2.2 Embodied Energy 
2.2.2.1 Solar Photovoltaic System 
 Solar PV is a clean, sustainable, renewable energy conversion technology that can 
help meet the energy demands of the world’s growing population, while reducing the 
adverse anthropogenic impacts of fossil fuel use [42].  Solar photovoltaics growth has 
been rapid and by 2018, worldwide photovoltaic capacity is predicted to double to 430 
GW [43]. As the AC recyclebot extrusion of HDPE filament requires 21.13W power, and 
initial heating need 0.06 kWh [25]. In this project, it was assumed that the DC recyclebot 
would use approximately the same power for initial heating, so two small 
monocrystalline silicon solar modules were used in the design of the system. Each 
module has an effective area of 0.2613 m2 and produces 30W of power. According to 
energy requirement of initial heating, it requires a battery that has an output of 0.06 kW 
to finish within 1 hour. An identical small battery system for the off-grid 3-D printer [36] 
was used.  The storage battery access makes the recyclebot work even in the absence of 
solar energy (e.g. during cloudy weather). PV modules need a support structure for the 
setup, but this can be improvised in the field from found materials as the system can be 
mobile. For example, PV modules can be propped against a wall or a rock in the field. 
The energy output of solar module depends on the radiation and the proper placement of 
the panels so as to receive maximum solar radiation for maximum efficiency. Insolation 
varies by location also affects the energy output of the system. 
With the size of the solar PV system, its embodied energy can be estimated by the 
embodied energy of solar PV system in unit size which is found from the literature. In the 
solar PV system of this study, the energy consumptions for all the production processes 
and accessories are assumed to be scaled to the size of solar PV system. 
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2.2.2.2 Recyclebot (Recyclebot v4.0) 
 Both an AC powered and DC powered vertical recyclebots v4.0 [37] are used in 
this study. The devices consist of high power motor, feed tube, heating tube, frame, 
electrical components and wiring. All the components of the recyclebot are determined 
from the complete bill of materials and their corresponding mass is obtained. The 
embodied energies of all the materials used in the recyclebot are tabulated from the CES 
database [41]. Then the embodied energy of each component can be calculated by 
multiplying the mass by the corresponding material embodied energy. For example, the 
recyclebot requires a support structure, which consists of two 60.96 cm long, 1.6 kg 
weight strut channels made of steel whose embodied energy is 30.8-33.9 MJ/kg. 
According to the product of mass of the strut channels and embodied energy of steel, the 
embodied energy of strut channels is 98.56-108.48 MJ. The embodied energies of other 
components are calculated in the same way. Table 2.1 shows the embodied energy of 
materials used in a DC recyclebot v4.0. It should be noted that these values of embodied 
energy are just for materials and do not include energy for forming products. Hence the 
actual embodied energy might be about 26% larger than the value calculated in this 
project based on the comparison of energy between materials and forming products [43]. 
The motor is a 120W gear motor with 15 rpm combining with the heating tube and feed 
tube which helps in melting and extrusion of filament. The embodied energy of motor is 
obtained by the sum of embodied energy of its various components within it, which is 
58.382-64.373 MJ. Except for the metallic parts, the recyclebot also consists of 3-D 
printed parts such as bearing house and feeder attachment, which are made of PLA. 3-D 
printed parts in this system were printed from the Rep-Rap 3D printer. The requirement 
and the dimensions of the object are analyzed. The respective material of every 
component is important as it decides the strength and efficiency of the system in whole. 
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Figure 2.1 Verticle DC recyclebot. The white hopper is on the upper left and the black 
spooler is on the upper right. The motor in the upper middle drives and auger that feeds 
plastic into the hot zone (insulated in yellow). Filament is produced and looped through a 
light sensor to maintain loop length and thus filament diameter automatically. In this 
setup up the length and diameter can be measured continually. 
 
Table 2.1 The embodied energy of materials needed in a recyclebot used in the input of 
the LCA (CES database [41]) 
Material 
Embodied energy (MJ/kg) CO2 footprint 
(kg/kg) Primary production Recycling 
Steel  30.8-33.9 8.1-8.98 2.26-2.49 
Galvanised steel  38.1-42 9.53-10.5 2.87-3.16 
Brass  57.4-63.3 13-14.4 3.64-4.01 
Stainless steel  50.4-55.6 11.8-13 3.63-4 
Chromium steel  50.4-55.6 11.8-13 3.63-4 
Copper  56.1-61.9 12.8-14.1 3.44-3.79 
PVC  60.6-66.8 20.6-22.7 2.63-2.89 
Silicon  1260-2240 - 94.5-168 
Plastic  90.1-101 31.1-34.4 4.32-4.76 
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Lead  36.9-40.6 9.3-10.3 2.84-3.13 
PC  109-120 36.9-40.8 7.03-7.75 
HDPE  74.9-82.5 25.4-28.1 2.65-2.92 
ABS  90.6-99.9 30.7-34 3.45-3.81 
Ni  159-175 28.2-31.2 11.2-12.3 
Pt  274000-302000 8140-8990 14000-15500 
PLA  49.2-54.2 16.7-18.4 2.65-2.93 
Nickle chromium  189-208 32.2-35.6 10.4-11.4 
Lead-antimony 62-68.4 13.8-15.3 4.95-5.46 
Epoxy  126-139 - 6.12-6.75 
Ferrites(Fe3O4)  15.6-17.2 - 0.84-0.929 
Aromatic polyimide  176-194 - 9.61-10.6 
 
2.2.3 Filament production 
 PLA pellets and waste plastic ABS shards were used to produce filament with a 
DC recyclebot and an AC recyclebot respectively. Before the filament production, the 
temperature ranges of 150-180 °C and 158-190 °C with step of 2 °C were set to find out 
the best temperatures for PLA and ABS filament extrusion, respectively. The minimum 
temperature in the ranges were determined by the limit of the mobility of plastics for 
extrusion, and the temperatures increased until the plastic materials started to smoke 
(maximum temperature). These test experiments were performed under three auger 
rotation speeds, 6 r/min, 10 r/min and 15 r/min. It was found that the extrusion rate is 
largest and the melted plastic has rather higher plasticization properties when the auger 
rotation speed is 15 r/min. It was also found that the PLA filament extruded at 155 °C 
and the ABS filament extruded at 158 °C have rather higher surface gloss and mechanical 
properties. 
In PLA filament production, the DC recyclebot heating tube temperature was set 
as 155 °C, and 17 minutes were needed in the initial heating phase of production.  In 
ABS filament production, the AC recyclebot heating tube temperature was set as 158 °C, 
and 8 minutes were needed in the initial heating phase. As the temperature reached the set 
points, the respective motors were activated to rotate the augers. The rotation speed of the 
augers in both recyclebots was about 15 r/min. The initial 0.5 meters of filament was 
discarded because of poor mechanical properties as the feedback loop was established. 
Then the filament was collected in an auto spooler with the help of light sensor. The 
filament diameter in this study is 3.00 mm. A watt meter and timer were used to record 
power and time during the process. 
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2.3 Results 
2.3.1 Embodied Energy of Recyclebot 
 The recyclebot can be separated into five key components by their function: 
barrel, frame, motor, electrical components and wiring, and feeder attachment and 
hopper. The detailed breakdown of the embodied energy about the five parts of 
recyclebot are presented in Tables 2.2, 2.3, 2.4, 2.5 and 2.6, respectively. 
Table 2.2 Embodied energy for the barrel assembly of the recyclebot. 
Part Quantity Material Mass (kg) 
Embodied energy 
Min (MJ) Max (MJ) 
Heating tube 1 steel 0.30 9.24 10.17 
Feed tube 1 steel 0.28 8.624 9.492 
Feed screw 1 galvanised steel 0.15 5.715 6.3 
Floor flange 3 steel 0.75 23.1 25.425 
Brass nozzel 1 brass 0.15 8.61 9.495 
Rod 4 galvanised steel 0.148 5.639 6.216 
1½” bolt 2 galvanised steel 0.036 1.372 1.512 
2 ¼” bolt 2 galvanised steel 0.044 1.676 1.848 
Nut 16 galvanised steel 0.086 3.277 3.612 
Washer 64 stainless steel 0.128 4.877 5.376 
Kapton tape 1 aromatic polyimide 0.008 1.408 1.552 
Nichrome 
wire 17 ft nickle chromium 0.004 0.756 0.832 
Bearing 1 chrome steel 0.13 6.552 7.228 
Bearing house 1 PLA 0.03 1.476 1.626 
Brass spacer 1 brass 0.12 6.888 7.596 
Total 89.209 98.28 
 
Table 2.3 Embodied energy for the frame assembly of the recyclebot. 
Part Quantity Material Mass (kg) 
Embodied energy 
Min (MJ) Max (MJ) 
Strut Channel 2 steel 3.2 98.56 108.48 
Barrel Bracket 2 steel 0.8 24.64 27.12 
Motor mount 2 steel 0.8 24.64 27.12 
Strut Channel T-nut 6 galvanised steel 0.066 2.515 2.772 
Socket head bolt 6 galvanised steel 0.132 5.029 5.544 
M6 Bolt 2 galvanised steel 0.044 1.676 1.848 
Split Washer 2 stainless steel 0.004 0.202 0.222 
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Flat washer 2 stainless steel 0.004 0.202 0.222 
Deep well socket 1 galvanised steel 0.1 3.81 4.2 
Total 161.273 177.529 
 
Table 2.4 Embodied energy for the motor assembly of the recyclebot. 
Part Quantity Material Mass (kg) 
Embodied energy 
Min (MJ) Max (MJ) 
rotor 2 galvanized steel 0.56 21.336 23.52 
ball bearing 2 chrome steel 0.26 13.104 14.456 
shaft 1 galvanized steel 0.17 6.477 7.14 
stator 1 steel 0.15 4.62 5.085 copper 0.08 4.488 4.952 
winding 1 copper 0.12 6.732 7.428 
cable 1 copper 0.016 0.898 0.990 PVC 0.012 0.727 0.802 
Total 58.382 64.373 
 
Table 2.5 Embodied energy for the electrical components and wiring part of recyclebot. 
Part Quantity Material Mass (g) 
Embodied energy 
Min (MJ) Max (MJ) 
Speed 
controller 1 
silicon 0.2 0.252 0.448 
copper 29.5 1.655 1.826 
lead 6.0 0.221 0.244 
steel 150 4.62 5.085 
PVC 1.0 0.061 0.067 
epoxy 2.5 0.315 0.3475 
plastic 8.5 0.766 0.858 
Temperature 
Controller 1 
silicon 0.15 0.189 0.336 
copper 29.0 1.627 1.795 
lead 12.5 0.461 0.508 
platinum 0.005 1.37 1.51 
ferrites 2.5 0.039 0.043 
Lead-antimony 0.1 0.006 0.007 
PC 66.0 7.194 7.92 
epoxy 7.5 0.945 1.042 
Solid state 
relay kit 1 
silicon 0.06 0.076 0.134 
copper 17.0 0.9537 1.0523 
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lead 6.0 0.221 0.244 
ferrites 2.5 0.039 0.043 
PC 12 1.308 1.44 
epoxy 2.5 0.315 0.348 
Terminal 
strip 1 
galvanised steel 10 0.381 0.42 
copper 6.0 0.337 0.371 
PC 12.0 1.308 1.44 
K-type 
thermocouple 1 
copper 45.0 2.524 2.786 
nickel 40.0 6.36 7.00 
power cord 
and plug 1 
copper 32.0 1.795 1.981 
PVC 36.0 2.182 2.405 
Solderless 
connector 2 
copper 6.0 0.337 0.371 
PVC 4.0 0.242 0.267 
Insulated 
copper wire 10 ft 
copper 16.0 0.898 0.990 
PVC 3.0 0.182 0.200 
Kapton tape 1 aromatic polyimide 8.0 1.408 1.552 
Hose clamp 1 stainless steel 22.7 1.144 1.262 
Total 41.731 46.343 
 
Table 2.6 Embodied energy for the feeder attachment and hopper part of recyclebot 
Part Quantity Material Mass (kg) 
Embodied energy 
Min (MJ) Max (MJ) 
Feeder attachment 1 PLA 0.045 2.214 2.439 
Hopper 1 HDPE 0.015 1.124 1.238 
Total 3.338 3.676 
 
2.3.2 Embodied Energy of Solar Photovoltaic System 
 The energy needed for the small PV system to power the recyclebot can be 
divided in two parts: fabrication of PV module and its balance of system. The procedure 
for fabrication of solar PV module can be described in brief as purification and growing 
of crystal silicon, cell fabrication from a silicon wafer, and module assembly. The 
balance of system (BOS) for a PV system includes foundation, support structure, battery, 
inverter, electronic components, installation, wiring and cables [39]. In this study, the 
foundation and support structure is not necessary because it is just a temporarily 
positioned device and PV modules can be propped against a wall or a rock in the field. 
The detailed information about embodied energy of the single crystal solar PV system 
needed to power the recyclebot is showed in Table 2.7. It should be noted that the 
embodied energy in Table 2.7 all are scaled to the PV sizes used to power the recyclebot. 
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The area of PV modules used in this project is 0.5226m2, so the embodied energy of this 
PV system is about 2276.44MJ or 632.34 kWh. 
 
Table 2.7 Embodied energy of single-crystal solar PV system [39] 
Process & 
item 
Silicon 
purification 
and 
processing 
Cell 
fabrication 
Module 
assembly 
Balance of system 
Total Batt
ery 
Inve
rter 
electronic 
compone
nts 
Embodied 
energy 
(MJ/m2) 
2397.6 432 684 165.6 
118.
8 558 4356 
 
2.3.3 PLA and ABS filament 
  In PLA filament production, the DC recyclebot needed 17 minutes and 64.8 kJ 
for initial heating. During the extrusion process, the DC recyclebot consumes 0.01 kWh 
to extrude 22.6 grams of PLA filament. The energy for initial heating is inconsequential 
compared to the energy for whole day extrusion, so the average energy used for PLA 
filament production is 1.59 MJ/kg. The extrusion rate is not a constant, but the average 
extrusion rate is 0.19 kg/h. Thus it takes a little more than 5 hours to generate a kg of 
PLA filament from with a DC vertical recyclebot. 
 In ABS filament production, 8 minutes and 36.0 kJ were needed for initial heating 
by AC vertical recyclebot. The average energy used for ABS filament production is 1.24 
MJ/kg, and its average extrusion rate is 0.22 kg/h. 
 
2.4 Discussion 
 Based on the data in Tables 2.2-2.6, the embodied energy of the recyclebot is 
353.933-390.201 MJ, which is equivalent to the energy for producing two coffee makers 
[44]. Figure 2.2 and Figure 2.3 are the pie charts showing the percentage of minimum 
embodied energy and maximum embodied energy of each core component in a 
recyclebot. From Figure 2.2-3, it is clear that there is not much difference between the 
minimum embodied energy percentage and maximum embodied energy percentage, and 
the frame part consumes nearly half of the total embodied energy. The strut channel of 
the frame has 98.56-108.48 MJ embodied energy, which is equivalent to the energy of a 
barrel part or double the energy of electrical components and the wiring part. The frame 
contains many heavy components made of metal, which is the cause of the high 
embodied energy. Thus to improve the sustainability of the device, this indicates design 
effort should focus on minimizing the use of metal in the frame. In electrical components 
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and wiring parts, there are several materials which contain very high embodied energy, 
such as electrical grade silicon in the speed controller and platinum in the temperature 
controller. These materials, however, have low masses in the components so they do not 
contribute much in the total embodied energy. There are some small components created 
by a 3-D printer, such as the bearing house and the feeder attachment. When the 3-D 
printer is powered by the solar photovoltaic system, the embodied energy of these printed 
components can be reduced further [29]. 
 
Figure 2.2 The percentage of the minimum embodied energy of each major component 
class in a recyclebot. 
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Figure 2.3 The percentage of the maximum embodied energy of each major component 
class in a recyclebot. 
 As can be seen by comparing Table 2.7 with Tables 2.2-2.6, the energy needed to 
make a solar PV system is 2,276 MJ, which 484-523% more than that of a recyclebot. 
The purification and growing crystal silicon process consumes half of the total energy. In 
the purification process, silicon dioxide is reduced to silicon with carbon and purified in 
the furnace repeatedly to metallurgical grade silicon, and then further purified to obtain 
solar-grade silicon, which needs a lot of energy [45]. An approach to reduce this 
embodied energy of the PV component in the future would be to use thin film PV [46]. In 
the balance of systems, the electrical components have the largest embodied energy in 
this case. If the solar powered recyclebot needs to be designed as a permanent device, the 
foundation and support structures are required. Then the support structure will consume 
the largest energy in the balance of systems, which is 1800 MJ/m2 in the open field and 
720 MJ/m2 on the roof top [39]. However, it should be noted, there are low-mass racking 
systems that may be appropriate, which will reduce these values [47]. 
 
2.4.1 Energy Payback Time of Recyclebot 
 The EPBT of a recyclebot varies with the material of filament. In this project, it 
takes 1.59 MJ for a DC recyclebot to extrude 1 kg of PLA filament, while 1 kg of 
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commercial filament made from virgin PLA consumes 49.2-54.2 MJ. Thus, PLA filament 
produced by recyclebot from waste plastic can save 47.61-52.61 MJ/kg. Compared to the 
embodied energy of recyclebot which is 353.94-390.20 MJ, producing 6.73-8.20 kg of 
PLA filament from waste plastic can pay for a recyclebot in terms of energy. Given the 
extrusion rate of the DC recyclebot this could be accomplished conservatively in one 
week.  
 From this study on an AC recyclebot, the average energy used for ABS filament 
production from recyclebot is 1.24 MJ/kg. Compared to commercial filament made from 
virgin ABS, which needs 90.6-99.9 MJ/kg, the filament produced by the recyclebot from 
consumed ABS saves 89.36-98.66 MJ/kg of energy. Therefore, the recyclebot needs to 
produce 3.59-4.37 kg of ABS filament, and the energy saved from it will be equal to the 
energy for creating the recyclebot.  
 During the vertical DC recyclebot extrusion process, the average extrusion rate of 
PLA filament was found here to be 0.19 kg/h, while that of ABS filament was 0.22 kg /h 
on a vertical AC-based recyclebot. It is found that the recyclebot needs to work 35.42-
43.16 hours with PLA filament or 16.32-19.86 hours with ABS filament to pay for itself. 
Here assuming that the recyclebot works 8 hours per day, the energy payback time can be 
obtained in only about 5 days based on PLA filament or about 2.5 days based on ABS 
filament. Clearly the potential to conserve energy with distributed waste plastic recycling 
is substantial. 
 
2.4.2 Cost of Recyclebot-made filament 
 If labor and capital costs are excluded the cost to produce recycled waste plastic 
filament can be determined by the energy use of the recyclebot. In a single recyclebot 
system, the energy used in the extrusion process was provided from the electricity grid. 
The average electricity price in the U.S. is $0.12/kWh or 3 cents/MJ. The energy 
consumptions to produce 1 kg of PLA and 1kg of ABS are 1.59 MJ and 1.24 MJ, 
respectively. With the average electricity price, the estimated cost for producing 1 kg of 
PLA and 1 kg of ABS can be calculated as 5 cents and 4 cents, respectively. 
However, the electricity price varies from different locations. From the EIA 
database [48], the electricity prices in January 2017 vary from 1.74 cents/MJ to 7.04 
cents/MJ in different states. The estimated costs for producing 1 kg of PLA and 1 kg of 
ABS can vary from 2.77 cents to 11.19 cents and 2.16 cents to 8.73 cents, respectively. 
Even though the device is operated in Hawaii which has the most expensive electricity 
price in U.S., the cost to produce 1 kg of PLA filament and 1 kg of ABS filament are still 
very inexpensive, just 11.19 cents and 8.73 cents. The price for 1 kg of PLA filament on 
Amazon ranges from $14.95-89.99 and the price for 1 kg of ABS filament is from 
$13.99-58.51 [49, 50, 51, 52]. Compared to the commercial filament,  recycled filament 
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produced by the recyclebot can save significant amounts of money. Figure 2.3 is the 
comparison of the general cost ranges for producing recycled filament and buying 
commercial filament in market, and it can be seen that the cost for recycled filament is 
negligible. 
 
Figure 2.4 The general cost ranges for the recycled filament and commercial filament 
 
2.4.3 Energy Payback Time of Solar PV System 
 The EPBT of solar PV system depends on materials of the module, the balance of 
systems, and the geographic location [43, 54]. Among them, the type of material 
determines energy conversion efficiency and geographical location determines solar flux, 
and the energy generated by solar PV system can be obtained by the product of solar flux 
and energy conversion efficiency. The EPBT can be calculated by the embodied energy 
dividing annual energy generated by the system [54]. In order to compare the effect of the 
solar powered recyclebot on saving energy, the general case of a monocrystalline silicon 
PV system is chosen for comparison, which has an energy conversion efficiency of 
16.1% [55] and is located in a place which has global average solar flux of 8 
kWh/m2/day. Then the annual average insolation is 2920 kWh/m2/year and energy 
generated by PV system in this project is 245.68 kWh/year. Thus, the EPBT of solar PV 
system used in this project, which has embodied energy of 632.34 kWh, is about 2.57 
years. The fact that PV systems are an extremely favorable energy and emissions 
performer are well established. However, the results here show these values can be 
improved further when PV power is used for recycling. 
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2.4.4 Energy Payback Time of Solar PV-Powered Recyclebot 
System 
 Due to two monocrystalline solar panel being used the embodied energy of the 
solar photovoltaic system is 2,276.44 MJ and the embodied energy for the whole system 
is 2630.37-2666.64 MJ (i.e. the whole systems is the sum of the recyclebot and the solar 
PV system). When the recyclebot is powered by the solar PV system, the electricity used 
in producing filament from waste material also can be saved, which means energy saved 
is equal to the embodied energy of commercial filament. Thus, 48.53-54.2 kg PLA 
filament needs to be produced from consumed plastic to pay for the whole system in 
terms of energy. This means that the energy payback time of the whole system is 255.42-
285.26 hours in terms of PLA, which is about 1 month, based on the assumption that the 
whole system works 8 hours per day. Comparing the EPBT of a single crystal solar PV 
system, whose EPBT is about 2.57 years, the EPBT of solar PV system combined with 
the recyclebot can be decreased at least by 96.20% if PLA filament is produced. Thus, the 
effect on saving energy of the whole system is clear. Likewise, if ABS filament is 
produced from a recyclebot powered by solar PV system, the energy saved is 90.6-99.9 
MJ/kg. 26.33-29.43 kg of ABS filament needs to be produced from waste plastic to pay 
for the whole system. As the average extrusion rate of ABS filament is 0.22 kg /h, the 
EPBT of whole system based on ABS filament is 119.68-133.77 hours, which is about 
0.04 years or about half a month.  
 The results clearly show that the solar PV system powered recyclebot is already 
an excellent way to save energy for sustainable development. Among PV modules, thin 
film modules have the lowest EPBT, which is 0.5 years, while considering balance of 
system, its EPBT is 1.5 years [46]. However, EPBT of single-crystal silicon photovoltaic 
system can decrease from 2.57 years to 0.09 years when it is combined with recyclebot, 
which produces PLA filament. Thus, single crystal silicon photovoltaic system combined 
with recyclebots, have about one thirtieth of the EPBT of thin film photovoltaic systems 
alone. However, the performance can be improved with the use of solar powered 
recyclebots consisting of low-embodied energy thin film PV. 
 Furthermore, the EPBT of solar PV system powered recyclebot can be further 
reduced with device improvements itself. In a recyclebot, the embodied energy of strut 
channel is a substantial fraction of the total energy of recyclebot. If the strut channel uses 
other materials which contain less embodied energy instead of steel, the total energy of 
the system will decrease. Properly designed ABS struts could offer a good choice because 
of the strength and impact resistance. The size of the individual components would need 
to be augmented to withstand the load when materials with longer strength are used 
similar to previous work on brackets for PV modules [24,47]. The ABS strut channel 
with a little larger size in this project could be strong enough to hold the recyclebot and 
motor. Future work is needed to optimize such a design. This would decrease embodied 
energy and accelerate EPBT as ABS has 95,300 MJ/m3 of embodied energy, while steel 
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has 285,400.5 MJ/m3 of embodied energy. In addition to the strut channel, the barrel 
bracket and motor mount also can be made from ABS, which also can reduce the total 
embodied energy. 
 
2.4.5 Economic Payback Time of Solar Powered Recyclebot 
 Compared to the individual recyclebot, the energy for producing filament from 
waste plastics by the PV powered recyclebot can also be saved from the electricity grid, 
so the cost from the electricity grid can be saved by the whole system, which means the 
total cost saving by the whole system is equal to the price of commercial filament. The 
total cost for building the entire system is around $1000 which is the cost sum of a 
recyclebot and a solar PV system. The normal price of 1 kg of PLA or ABS filament is 
$20, so 50 kg of filament need to be produced by the whole system to pay for itself in 
terms of monetary cost. With the PLA and ABS filament extrusion rates, 263.16 hours 
and 227.27 hours are needed to produce 50 kg of PLA filament and 50 kg of ABS 
filament, respectively. Therefore, the monetary payback time of the whole system is 
263.16 hours (32.9 days) with PLA filament production, or 227.27 hours (28.4 days) with 
ABS filament production. 
 
2. 5 Applications in the Developing World 
 For those developing countries, whose energy access promotions have not met the 
requirement of sustainable development [56], the results of this study indicate that solar-
powered recycling may be beneficial from an energy perspective. In addition, solar-
powered recycling can help developing countries to reduce carbon emissions, which is 
necessary because the carbon emission from developing countries is more than from 
developed countries with the same unit of value-added [57]. Finally, it is well established 
that access to modern energy can increase income for families in developing countries 
[58]. This study has shown one application of modern energy using solar-powered 
recyclebot have potential to profitably produce filament, while avoiding the consumption 
of raw materials and grid electricity. This filament can be sold or higher value items can 
be printed to expand an entrepreneur's or community's income. 
 In addition, when a 3-D printer creates products, it needs energy to melt filament 
and form products. If a solar photovoltaic system not only powers the recyclebot, but also 
powers the 3-D printer to manufacture products further energy and emissions are saved. 
Moreover, if some small components used in recyclebot, such as barrel bracket, motor 
mount, bearing house and feeder attachment, are produced by 3-D printer powered by 
solar photovoltaic system, the embodied energy of recyclebot can be further reduced. 
Solar PV system powered recyclebot and 3-D printer systems are an excellent method to 
manufacture products from waste plastics by consumers anywhere in the world. This 
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method can turn waste plastics into useful high-value products, so it effectively decreases 
the expenditure from the cost of products and transportation. In conclusion, this method 
not only saves energy and money, but also reduces the emission of greenhouse gas, which 
is accord with sustainable development. 
 
2.6 Conclusions 
 This study presented the embodied energy of DC vertical recyclebot powered 
with a mono-crystalline solar photovoltaic-battery system, and calculated the energy 
payback time of the recyclebot and the whole system. The results show that using a 
recyclebot to create 3-D printing filament from post-consumer plastics is an effective way 
to save energy, and the EPBT of recyclebot is 5 days based on PLA filament, or just 2.5 
days based on ABS filament. When the recyclebot is powered by a solar photovoltaic 
system to produce filament, the energy can be further saved and equals to the energy for 
producing commercial filament from virgin materials. The EPBT of the whole system is 
just several weeks depending on the material used. When a solar powered recyclebot 
produces PLA filament from waste plastics, the EPBT of the whole system is about one 
month which decreased the EPBT of a single crystal photovoltaic system by over 96%. It 
is clear that solar photovoltaic powered recyclebots are an effective method to reduce 
energy use and protect the environment to meet the requirement of sustainable 
development. 
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3. Tightening the Loop on the Circular Economy: 
Coupled Distributed Recycling and Manufacturing 
with Recyclebot and RepRap 3-D Printing2 
3.1 Introduction 
 Over the last 50 years plastics have been used increasingly in a large range of 
products due to their versatility, low cost and durability [1, 2]. The global plastic 
production was 322 million tons in 2015, is growing 3.86% per annum, and is expected to 
increase to 850 million tons per year by 2050 [3, 4]. This aggressive plastic production 
growth aggravates the pressure for waste plastic disposal and generates many well-
established environmental issues. Landfill, incineration and recycling are the three main 
methods to treat post-consumer plastics according to the principle of waste hierarchy in 
increasing order of environmental responsibility [5, 6]. Incineration of plastic has the 
capability for energy recovery in the form of heat [7], but large quantities of harmful 
compounds and greenhouse gases are emitted into the atmosphere during incineration [8, 
9]. Plastics usually need more than 20 years to degrade in landfill conditions [10] and 
plastic debris in landfill is also a source of secondary environmental pollutants [8]. 
 Incineration and landfill methods generate severe environmental issues, and this 
linear model of resource consumption that follows a “take-make-dispose” pattern has 
increasingly notable economic limits. High demand for resources leads to higher resource 
prices and supply disruptions, which exposes companies that follow the linear system to 
risks during heightened competition [11]. To reduce risk, the concept of circular economy 
was first proposed by a Chinese scholar in 1998 with the aim to mitigate the contradiction 
between rapid economic growth and the shortage of raw materials and energy [12]. This 
fundamentally new model of circular economy is required to separate economic growth 
from resource consumption growth [13]. A circular economy uses material symbiosis 
between different companies and production processes [14]. The core of the circular 
economy is the circular flow of materials and the use of resources and energy through 
multiple phases [15]. The circular economy is beneficial to society and economy as a 
whole by reducing the use of the natural environment as a sink for waste and reducing the 
use of virgin materials for economic activities [16]. 
 Recycling, therefore, is the established best solution to treat post-consumer 
plastics following the goals of a circular economy [17]. However, traditional recycling 
can have a significant environmental impact as it demands the collection and 
transportation of relatively low-density waste plastics to collection centers and 
reclamation facilities for separation and reconstruction [18]. In centralized recycling 
systems, the transportation usually consumes large quantities of energy with the 
                                                          
2 The material contained in this chapter is to be submitted to the journal. 
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concomitant emissions and environmental detriment [19] and needs considerable labor to 
classify those post-consumer plastics [20]. In developing regions, this labor is provided 
by waste pickers, which collect post-consumer plastic in landfills far below poverty-level 
wages [21, 22, 23, 24]. 
 Compared to the traditional recycling, distributed recycling (where consumers 
directly recycle their own waste) has the potential to reduce energy consumption because 
it can save the energy for transportation needed in conventional recycling [25, 26]. A new 
promising method of such distributed plastic recycling is to upcycle plastic waste into 3-
D printing filament with a recyclebot, which is an open source waste plastic extruder 
[27].  Waste plastic shards, powder or pellets are fed into the recyclebot through a 
hopper, and transported to the heating pipe by an auger, which is driven by a motor. The 
plastic is compressed and melted in this heating pipe and can be extruded through the 
nozzle to form filament for fused filament fabrication (FFF)-based 3-D printing. In 
general, plastic recycled for 3-D printing filament is of the same type, and the process is 
simplified if recycling codes are granular enough to identify different kinds of plastics 
[28]. After classifying the plastic, it is cleaned and shredded into small pieces to improve 
the filament’s quality by maintaining the consistency of the feed rate. The recyclebot 
makes filament from post-consumer plastics instead of raw materials, which can decrease 
more than half of the embodied energy of the filament [29, 30]. In addition, the 
recyclebot provides the potential to recycle plastics at any location so that consumers in 
their own homes can save money by offsetting purchased filament. In addition, 
professional waste pickers can sell filament for a substantial high value per kg than they 
earn for only sorted plastic to increase their personal income [24].  
 If the recyclebot is combined with an open source self-replicating rapid prototyper 
(RepRap) 3-D printer [31, 32], then the post-consumer plastics can be turned into useful 
and more valuable products [33, 34].  Compared to the traditional plastic manufacturing 
methods, like plastic injection molding, additive manufacturing with a 3-D printer has 
two advantages. First, a 3-D printer allows for accurate fabrication and scale models as it 
can directly produce complex parts by building a component in layers from 3-D digital 
designs with essentially no material waste [35, 36]. Secondly, the 3-D printer can control 
the fill density of a product. By reducing the fill density of parts to the minimum 
necessary for mechanical functionality [37], 3-D print-based manufacture can save 
materials, reduce energy consumption and decrease greenhouse gas emissions all which 
contribute to sustainability [38, 39, 40].  The open source nature of the RepRap 3-D 
printer has resulted in rapid technical evolution and reductions in the cost; currently a 
basic polymer printing RepRap 3-D printer can be constructed for less than $500 in parts 
[41]. Reducing the cost of 3-D printers has greatly expanded its popularity and enabled 
wide applicability for distributed manufacturing throughout the world for a wide range of 
products [42, 43, 44, 45, 46, 47, 48, 49].   
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 In order to analyze the impact of combining these two trends, this paper combines 
the distributed recycling method using a vertical recyclebot to make filament with 
distributed manufacturing using a delta RepRap to print useful products from post-
consumer waste. Specifically, this study recycles acrylonitrile butadiene styrene (ABS) 
from computer waste (approximately 20 weight percent of end of life electronics) into 
useful and valuable products. The total electrical energy consumption for the combined 
process is monitored and an economic evaluation is completed. These results are 
compared to the combination of traditional recycling and traditional manufacturing, and 
discussed in the context of the circular economy, energy conservation, greenhouse gas 
emission mitigation and economic benefit. 
 
3.2 Devices and methods 
3.2.1 Material and energy measurements 
 This project presents a distributed method to completely recycle thermoplastic 
into valuable consumer goods at the consumers residence. Post-consumer ABS, ‐(‐
C8H8·C4H6·C3H3N‐)-n, which is a versatile plastic used for a variety of durable goods, 
was chosen to test this method. Further all open source hardware-based equipment [50, 
51] was used in all steps of the processing including an open source granulator [52], 
recyclebot ac4.0 [53], and delta-style RepRap [54]. Post-consumer ABS stabilizing feet 
(92.36 g /foot) for a 5G tower or smart UPS as seen in Figure 3.1 was shredded by the 
granulator. The crushed plastic was used to make 3-D printing filament with the 
recyclebot and then three case study consumer goods were manufactured including a 
camera tripod, an SD card holder and a camera hood by printing with a RepRap 3-D 
printer. In order to compare this method with the combination of traditional recycling and 
traditional manufacture in energy consumption, the electricity consumed at each step was 
recorded by a multimeter (+/- 0.01 kWh). To account for mass loss at each processing 
step, at each stage of processing the plastic was massed with a digital balance (+/- 0.01 
g). 
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Figure 3.1 Post-consumer ABS stabilizing foot which is 92.36 g for each 
 
3.2.2 Small-scale shredding of post-consumer plastic waste 
 Cleaning of the post-consumer plastic waste is necessary before the shredding 
step. Impurities not only degrade overall filament consistency, but also increase the 
clogging frequency in the nozzle of the 3-D printer. The post-consumer ABS source of 
stabilizing feet used here were relatively clean, but dust and dirt was mechanically 
removed from the plastic with a cloth. Next an open source plastic granulator/shredder 
[55] was used to shred the plastic. To be more accessible to small and medium sized 
enterprises (e.g. local companies, makerspaces, fablabs, hackerspaces or libraries) it was 
designed to operate on single phase power instead of three phase power, which is 
common for industrial tools available on the market. The hopper of the granulator is 
designed to maintain mechanical integrity of the granulator so the entrance is 200 cm2 
large to limit the size of the incoming plastic pieces. If the plastic particle is larger it will 
need to be manually cut or smashed before depositing in the hopper to be crushed in the 
granulator chamber by spinning fly knives. Three fly knives rotate about an axis and 
striking a bed knife that is stationary on the outside of the path the rotary blades follow 
(Figure 3.2).  The shaft and fly knife mounts are made out of A36 steel. The fly knives 
and bed knife are made out of tool steel, and the sieve is made out of stainless steel. As 
the plastic is granulated, it is sorted by a sieve which has ⅛ inch holes in it because that is 
the acceptable granulated size for the recyclebot. The particle size distribution was 
determined by imaging and the use of the open source imageJ software [56].  
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Figure 3.2 Model of of open source granulator cutting chamber assembly. 
 ImageJ was also used to get the areas and perimeters of these filament cross 
sections. Based on these areas (a), and perimeters (p), the circularity, C, of filament can 
be calculated by: 
  24 ( )
aC
p
π=          (1) 
The circularity is a number with the range of 0-1. C= 1 indicates a perfect circle. 
    After shredding, the crushed plastic needs to be dried to maintain consistent 
quality by low temperature heating, or exposure to low-humidity environment by 
ambient, vacuum or desiccant. If this is not completed the moisture on the plastic 
vaporizes and form bubbles that roughen the filament surface. This can be seen in Figure 
3, where the filament on the left was produce from moist pellets and the right one was 
from dried pellets. It is obvious that filament from dried particles has better quality.  
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Figure 3.3 Comparison of filament quality from moist pellets and dried pellets 
 
3.2.3 Extruding filament 
 The two primary control parameters of the recyclebot are heating tube and 
extruder temperature and auger rotation speed. The temperature of heating tube should be 
above the glass transition temperature of the polymer being processed so that the polymer 
molecules have mobility, and also below the decomposition temperature to avoid 
breaking of molecule structures. The glass transition temperature and decomposition 
temperature of ABS are 115.5 ºC and 300-450 ºC respectively [57, 58]. While in this 
appropriate range, the molecule mobility would increase as temperature increases. The 
heating tube temperature was set as 180 ºC here. The auger rotation speed determines the 
extrusion rate (kg/h) because the only plastic inputs into the tube is provided by the 
auger. It is better to set high rotation speed to get higher extrusion rates and avoid plastic 
staying in the heating tube for long time, which is important for filament quality. The 
auger rotation speed was set as 15 revolutions per min. 
 Filament diameter depends on the nozzle size and the tension on the filament after 
extruding. When the filament comes out through the nozzle, it swells slightly. Then as the 
tension increases, the filament diameter decreases. The recyclebot ac4.0 has a vertical 
geometry, as shown in Figure 4, so it uses gravity directly to provide tension on the 
filament after extruding. At the beginning of extruding, the filament descended gradually 
and then was pulled through the light sensor, diameter measurement, length 
measurement, guide tube and then wound on the spooler. In this collecting system, there 
are two modes to collect the filament, the auto mode and the manual mode. In auto mode, 
when the filament descends and passes through the light sensor, the spooler begins to 
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rotate and collect filament. If the rotation speed of spooler is too fast, the filament rises 
up and passed through the light sensor again, then the spooler slows and stops rotating. 
On manual mode, the rotation speed of spooler is adjusted manually by rotating a knob 
that controls the spooler speed on a panel. The manual mode is always used when the 
extrusion rate is not stable, such as the initial state of extrusion. To get a uniform size of 
filament, the filament should descend the same distance to keep the tension on the 
filament constant. To get the filament with 1.75 mm diameter, which was needed by the 
MOST delta-style RepRap, the nozzle size is 1.2 mm and the filament loop descended 30 
cm. 
 During heating and extruding process, the electricity and time consumed were 
collected along with the mass to calculate the extrusion rate and energy consumption. The 
filament diameter distribution was determined by imaging and the use of the open source 
imageJ software [56]. 
 
Figure 3.4 Recyclebot ac4.0 with labels 
 
3.2.4 Printing Case Study Consumer Goods 
 The RepRap used in this project is the Athena 3-D printer which derived from the 
MOST delta RepRap 3-D printer. The Athena is easier to assemble and maintain and has 
better wire management and flexibility, which increases its applicability for households. 
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The basic RepRap printer was modified with a heated bed to ensure adhesion of ABS to 
the glass substrate (although other methods using compatible polymer beds can be used). 
It should be noted, however, that a heated printing surface is preferred, as ABS will 
contract when cooled leading to warped parts. During large prints with ABS without a 
printed bed warping can cause delamination in between printed layers. ABS printing 
temperature is in the range of 200-240 ºC. If the temperature is too high, the extruder 
would leak between the separate parts and cause stringing. If the temperature is too cold, 
the plastic cannot stick well to the previous layer causing weak interlayer adhesion and 
under extrusion, which results in the printed part being is easier to be pulled apart 
between layers.  
 
3.2.5 Case Study Objects 
 The recycled ABS filament was used to test printing a camera tripod, SD card 
holder and camera hood. The camera bubble tripod consists of a tripod top, a tripod base, 
nine leg components and three tripod feet [59]. The SD card holder consists of a top side, 
bottom side, SD card container, micro-SD card container, card reader container and two 
multi-card containers [60]. The camera hood fits a Canon 18-135 STM lens [61]. 
The printing temperature was set as 220 ºC except for the tripod feet. When the tripod 
feet were being printed, the printing temperature was set as 220 ºC for first layer and 200 
ºC for other layers. The tripod foot has a relatively large sphere and one side always 
warped during printing, so decreasing the printing temperature was used to eliminate the 
issue. The heated bed temperature was set as 110 ºC for all components. The printing 
speed was 60 mm/s, fan power at 80% and fill density was 100%.  
 
3.3 Results 
3.3.1 Shredding Post-Consumer Waste Plastic 
 The open source granulator was successfully used to shred post-consumer ABS as 
shown in Figure 3.5.  The energy consumption for shredding 1 kg of ABS is 0.138 kWh 
and shredding rate is 4.358 kg/h. The shredded plastic was put into a vacuum chamber for 
half an hour. The vacuum chamber used in this study can contain about 1 kg of crushed 
plastic and it consumed 0.19 kWh for 33 minutes vacuuming. The vacuuming rate is 
1.818 kg/h. 
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Figure 3.5 The post-consumer ABS plastic and crushed ABS pellets 
 The average particle size of the ABS pieces is 2.72 mm, which is based on Figure 
3.6 and ImageJ analysis. Figure 3.6 is a picture of a handful of ABS particles, which was 
ran through ImageJ to get each particle’s top side area assuming each particle is a sphere.  
It should be noted that using this method to estimate particle size always gets a larger 
number compared to the real size if the pellets are not perfect spheres. Figure 3.7 is the 
particle size distribution of that handful of pellets. It is found that most particles are 
within the particle size range of 0.08-1.06 mm. In order to get the plastic quantity 
distribution with respect to the particle size, the top side area was used to compare the 
relative mass of each pellet. Figure 3.8 is the total top side areas of different particle size 
ranges. It is obvious that though these tiny pellets are the greatest in number their 
contribution to the total mass is negligible. Most of post-consumer ABS were shredded 
into the pieces with the particle size of 2.04-5.96 mm, and the amount of the particles 
within this range is more than half of the total amount. However, there are a few particles 
which are larger than 8 mm and need to be removed manually or by a sieve to make sure 
these crushed ABS are small enough to be used as feedstock for the recyclebot. 
 
 36 
 
Figure 3.6 A handful of crushed post-consumer ABS 
 
Figure 3.7 Particle size distribution of a handful of ABS pellets 
 
 
Figure 3.8 Total top side areas of different particle size ranges 
 In addition, not all of the plastic fed into the granulator can be shredded and 
collected in the collector. There is always some plastic leftover between the chamber 
bottom and blades which cannot be shredded and get through the sieve, which generates 
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the difference between the amount of post-consumer plastic and the amount of plastic 
particles. However, as more plastic waste is shredded, the influence of the difference is 
reduced. 
 
3.3.2 Extruding Filament 
 The open source recyclebot ac4.0 was used to make filament from crushed ABS. 
Before the extrusion process, it took 7 minutes and 0.005 kWh for the heating tube to 
reach operation temperature. When the temperature rises up to the set point, the auger 
begins to rotate and filament is extruded. The initial 0.5 meters of filament was discarded 
because of inconsistency as the entire hot zone reached the set point temperature.  The 
extrusion rate was 0.262 kg/h and energy consumption for extruding 1 kg of filament is 
0.302 kWh. This results in a single vertical recyclebot capable of producing 6 kg of 
filament in a 24 hours day or a 1 kg spool in less than 4 hours. Figure 9 is a picture of 
recycled filament from the crushed ABS material.  Compared to extrusion, the energy 
consumption for warming up the recyclebot is negligible if large quantities of filament 
are produced.  
 
Figure 3.9 The filament produced by recyclebot from crushed ABS pellets 
 Figure 3.10 shows the filament cross sections from different parts of the spool. A 
knife was used to cut the filament perpendicular to its length in order to examine cross 
sections. ImageJ was used with Equation (1) to find that the circularity range of these 
cross sections is 0.81-0.89 and the average circularity is 0.87. This means the filament 
produced by recyclebot from crushed post-consumer ABS has good roundness and could 
be 3-D printed.  
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Figure 3.10 The cross sections from different parts of recycled filament 
 Figure 3.11 shows the distribution of filament diameters. The average diameter is 
1.84 mm, which was calculated from cross section areas. It is clear that the tolerance of 
this filament is +0.1/-0.04 mm. The average diameter of commercial filament is 1.75 mm 
with tolerance of +/-0.05 mm. Compared to commercial filament, this recycled filament 
is slightly larger. Although the recyclebot settings good be tuned to more closely match 
commercial specifications, it is not necessary as the filament was well within the 
tolerances of the RepRap used for 3-D printing.  
 
Figure 3.11 The diameter distribution of recycled ABS filament 
 
3.3.3 Printing case study objects 
  The open source Athena RepRap was used to test print recycled ABS filament. It 
took 8 minutes and 0.03 kWh for the heated bed and nozzle to warm up. The components 
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were printed one by one and the printed camera tripod, SD card holder and camera hood 
are shown in Figures 3.12-3.14, respectively. 
 
3.3.3.1 Camera tripod 
 The energy consumption, time consumption and filament consumption of printing 
a camera bubble tripod were shown in Table 3.1. Including the heating process, printing a 
camera tripod needs 1.56 kWh and 574 minutes (about 9.5 hours). During the whole 
printing process the energy consumption for initial heating is also small compared to the 
energy consumption for printing itself. 
 
Figure 3.12 The camera bubble tripod printed a) components and b) assembled by the 
RepRap from recycled ABS filament 
 
Table 3.1 Energy consumption, time consumption and filament consumption for printing 
a camera tripod 
Item Energy consumption 
(kWh) 
Time consumption 
(min) 
Filament 
consumption (g) 
Tripod top (x1) 0.10 28 4.67 
Tripod (x1) 0.23 94 14.90 
Leg component (x9) 0.90 324 42.11 
Tripod foot (x3) 0.30 120 27.08 
Total 1.53 566 88.76 
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 The total weight of 3-D printed camera tripod is 88.76 grams. The energy and 
time consumption for each step are summarized in Table 3.2. Based on the energy 
consumptions of 0.138 kWh/kg for shredding, 0.190 kWh/kg for vacuuming and 0.302 
kWh/kg for filament extruding, 88.76 g of plastic requires 0.012 kWh for shredding, 
0.017 kWh for vacuuming and 0.027 kWh for extruding filament. Based on the shredding 
rates of 4.358 kg/h, vacuuming rate of 1.818 kg/h and extrusion rate of 0.262 kg/h, it 
takes 0.020 hours to shred 0.121 kg of plastic, 0.049 hours to vacuum and 0.339 hours to 
extrude it. Therefore, to produce a camera bubble tripod from post-consumer ABS, 9.975 
hours and 1.616 kWh were consumed in total. 
Table 3.2 Energy consumption and time consumption for producing a camera tripod from 
waste plastic 
Process Energy consumption 
(kWh) 
Time consumption 
(h) 
Shredding 0.012 0.020 
Vacuuming 0.017 0.049 
Extruding filament 0.027 0.339 
Printing 1.560 9.567 
Total 1.616 9.975 
 
3.3.3.2 SD card holder 
 The energy consumption, time consumption and filament consumption for 3-D 
printing a SD card holder are shown in Table 3.3. Including the heating process, printing 
a SD card holder needs 0.64 kWh and 289 minutes in total. 
 
Figure 3.13 The SD card holder printed by the RepRap from recycled ABS filament 
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Table 3.3 Energy consumption, time consumption and filament consumption for printing 
a camera tripod 
Item Energy consumption 
(kWh) 
Time consumption 
(min) 
Filament 
consumption (g) 
Top side 0.11 49 14.10 
Bottom side 0.12 52 14.20 
SD card container 0.07 33 7.99 
Micro-SD card container 0.06 30 7.28 
Card reader container 0.19 87 26.60 
Multi-card container 0.06 30 7.43 
Total 0.61 281 77.60 
 
 The total weight of 3-D printed SD card holder is 77.6 grams. Table 3.4 
summarizes the energy and time consumption for each step. Based on the energy 
consumptions of 0.138 kWh/kg for shredding, 0.190 kWh/kg for vacuuming and 0.302 
kWh/kg for filament extruding, 77.60 g of plastic requires 0.011 kWh for shredding, 
0.015 kWh for vacuuming and 0.023 kWh for extruding filament. Based on the shredding 
rates of 4.358 kg/h, vacuuming rate of 1.818 kg/h and extrusion rate of 0.262 kg/h, it 
takes 0.018 hours to shred 77.60 g of plastic, 0.043 hours to vacuum and 0.296 hours to 
extrude it. Therefore, to produce a SD card holder from post-consumer ABS, 5.174 hours 
and 0.689 kWh were consumed in total. 
Table 3.4 Energy consumption and time consumption for producing a camera tripod from 
waste plastic 
Process Energy consumption 
(kWh) 
Time consumption 
(h) 
Shredding 0.011 0.018 
Vacuuming 0.015 0.043 
Extruding filament 0.023 0.296 
Printing 0.640 4.817 
Total 0.689 5.174 
 
3.3.3.3 Camera hood 
 To 3-D print the camera hood 0.18kWh of electricity was consumed over 72 
minutes using 17.37g of recycled ABS filament.  Including the heating process, printing a 
camera hood needs 0.21 kWh and 80 minutes in total. 
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Figure 3.14 The camera hood printed a) with camera and b) with camera by the RepRap 
from recycled ABS filament 
 
Table 3.5 Energy consumption, time consumption and filament consumption for printing 
a camera tripod 
Item Energy consumption 
(kWh) 
Time consumption 
(min) 
Filament consumption 
(g) 
Camera 
hood 
0.18 72 17.37 
 
 The total weight of 3-D printed camera hood is 17.37 grams. Based on the energy 
consumptions of 0.138 kWh/kg for shredding, 0.190 kWh/kg for vacuuming and 0.302 
kWh/kg for filament extruding, 17.37 g of plastic requires 0.002 kWh for shredding, 
0.003 kWh for vacuuming and 0.005 kWh for extruding filament. Based on the shredding 
rates of 4.358 kg/h, vacuuming rate of 1.818 kg/h and extrusion rate of 0.262 kg/h, it 
takes 0.004 hours to shred 17.37 g of plastic, 0.010 hours to vacuum and 0.066 hours to 
extrude it. Therefore, to produce a camera hood from post-consumer ABS, 1.410 hours 
and 0.220 kWh were consumed in total. 
Table 3.6 Energy consumption and time consumption for producing a camera tripod from 
waste plastic 
Process Energy consumption 
(kWh) 
Time consumption 
(h) 
Shredding 0.002 0.004 
Vacuuming 0.003 0.010 
Extruding filament 0.005 0.066 
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Printing 0.210 1.330 
Total 0.220 1.410 
 
3.4 Discussion 
 This distributed recycling and production method with a recyclebot and RepRap 
saves energy not only in recycling process, but also in manufacturing process. The energy 
consumption for ABS recycling in this project is 0.63 kWh/kg which is the sum of energy 
used in shredding, vacuuming and extruding filament process. The traditional plastic 
recycling method involves collecting and transporting post-consumer plastics to a 
collection center for separation, and then to reclamation facility for reconstruction. In a 
reclamation center, sorted plastic usually needs to be cleaned, dried, melted, extruded and 
then shredded into pellets for reuse [18]. This process is similar to the recycling process 
in this project, so it is assumed that their energy consumptions are nearly identical. This 
assumption is grounded in more detailed studies investigating recycling post-consumer 
HDPE, which found such results [38, 39]. But the traditional recycling method still 
requires large quantities of extra energy for transportation and sorting and compacting in 
the collection centers. The average energy consumption for transporting post-consumer 
plastics is 0.089 kWh/kg, for sorting is 0.075 kWh/kg, for compacting is 0.025 kWh/kg 
[25], which means the traditional recycling method consumes an extra 0.189 kWh/kg 
compared to the distributed recycling method introduced in this project. Besides, the 
energy consumption for transportation would increase as the distance increases. 
Collecting waste plastics in remote rural areas usually requires much more energy 
[38,39]. 
 Figure 3.15 summarizes the energy consumption for producing the three case 
study products: a camera tripod, SD card holder and camera hood by traditional and 
distributed methods. The camera tripod, SD card holder and camera hood produced in the 
case study consumed 1.616 kWh, 0.689 kWh, 0.220 kWh and their mass are 88.76 g, 
77.60 g, 17.37 g, respectively.  The embodied energy of ABS is 36.667 kWh/kg which 
includes 13.500 kWh/kg feedstock energy [62, 63]. Except for the feedstock energy, 
23.167 kWh is needed to complete mining, processing natural resources, manufacturing 
and delivery to get 1 kg of ABS product. Therefore, the traditional manufacture method 
needs to consume 2.056 kWh, 1.798 kWh and 0.402 kWh to produce a same camera 
tripod, SD card holder and camera hood, respectively based on their mass. If the 
feedstock energy is considered, extra raw material of 1.198 kWh, 1.048 kWh and 0.234 
kWh are required to produce ABS products of 88.76 g, 77.60 g and 17.37 g respectively. 
The percent of energy saved by the distributed process depends on the complexity of the 
objects with the tripod being the most complex and the camera hood being the least 
complex. From Figure 3.15, it is clear that using traditional manufacturing method to 
produce an ABS product consumes more than double the energy compared to coupled 
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distributed recycling and manufacturing method. If the products of simple structures are 
produced, such as the case study products shown here, more energy can be conserved by 
this coupled distributed method. 
 
Figure 3.15 The energy consumption for producing a camera tripod, SD card holder and 
camera hood by traditional and distributed methods 
 As the energy consumption is less when prosumers (producing consumers) use 
distributed recycling and manufacturing methods, they can also reduce the greenhouse 
gas emissions to produce a product. The coupled distributed recycling and manufacturing 
method does not require post-consumer plastic transportation and product delivery, so it 
directly decreases carbon emissions from the combustion of transportation-related fuel. In 
addition, distributed recycling and manufacturing consumes less energy than the 
traditional recycling process and manufacturing process, so carbon emission decreases 
further from this conserved energy. According to the energy conservation and carbon 
emission mitigation, it is clear that this method has great benefit for environment and 
supports a growing body of evidence in this regard [64].  
 The total energy consumption for producing a camera bubble tripod, SD card 
holder and camera hood in this project is 1.616 kWh, 0.689 kWh and 0.220 kWh 
respectively, so their cost can be estimated as 19 cents, 8 cents and 3 cents based on the 
average electricity price in U.S. which is US $0.12 /kWh. This represents substantial 
savings for consumer products. For example, the lowest-cost equivalent on Amazon for 
the similar camera bubble tripod costs US$3.49 dollars [65] instead of 19 cents. 
Similarly, an equivalent camera lens hood costs US$9.99 dollars [66] while the 3-D 
printed from recycled ABS waste costs only 3 cents. Thus, one could make 333 camera 
lens hoods for the same economic cost as purchasing a single one by conventional 
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distributors. Although the commons-based SD card holder design here is new and there is 
no identical commercial one, a similar one costs US$5.98 [67] instead of 8 cents. The 
economic benefit of distributed recycling and manufacture method is obvious and even 
greater than those found earlier for creative commons designs coupled with commercial 
filament and 3-D printers [33]. This is for only simple products. Products with complex 
structures are always even relatively more expensive because of the restrictions in 
traditional manufacture methods. However, the complex structure does not make much 
difference in cost in the 3-D printing method, which is why for example sophisticated 
scientific equipment can be produced for 1% of the cost of those tools made by 
traditional methods [68, 69]. The other obvious advantage of 3-D printing is mass 
customization. 3-D printing facilitates can be used to individualize and customize 
products. The shape and size of the products can be easily modified in the 3-D digital 
models to meet the customer’s requirements without significant extra cost. In addition, as 
using this method allows products to be produced at home and do not need the 
transportation and associated shipping costs the cost of the product can be reduced 
further. 
 The low cost and high quality are always the most important standards for people 
to evaluate a product. There is no doubt that coupled recycling and manufacturing 
method with large economic benefit is able to encourage people to recycle more plastic 
and produce products by themselves.  When the 92.36 g stabilizing foot is either broken 
or not needed, it can be recycled by coupled distributed method and almost 5 camera lens 
hood can be produced from it, which means the value of approximately US$50.00 is 
created from one stabilizing foot. The post-consumer plastic bottle recycle rate in 
America in 2013 is 30.9% [70], which results in about two thirds of plastic bottles being 
disposed by incineration and landfill. These recycled bottles are pure materials such as 
PET and HDPE and also be separated and recycled using the methods discussed here for 
ABS e-waste. However, those plastics that are used in electronic product, such as ABS, 
are always coupled to other materials so they usually have relatively lower recycle rates. 
With the stimulation for a circular economy created by the economic benefit, the post-
consumer plastic recycle rate would potentially increase as the tools become more widely 
available for people to recycle more plastics in their homes or communities. In addition, 
in the future, more advanced polymers and composites [71] can be explored in this low-
cost open source distributed upcycling case for a circular economy.  
 These results take the digital manufacturing optimization [72] and direct digital 
manufacturing [73] to the extreme case discussed by Kostakis et al. (2017). Kostakis et 
al. focus is on the model of designing globally, but manufacturing locally and builds on 
the conjunction of the digital commons of knowledge and design (e.g. the three 
commons-based designs used for case studies here) with desktop and bench-top 
manufacturing technologies (such as the open source 3-D printers used in this study).  It 
is clear from the results of the study reported here that in the short-to-medium term waste 
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plastic from discarded e-waste can be significantly upcycled using this commons-based 
approach for the benefit of the environment as well as the economic stability of 
consumers. This coupled distributed recycling and manufacturing method helps to solve 
post-consumer plastic disposal issues and raw material shortage issues as it uses recycled 
plastic to produce products. This method closes the loop of plastic material flows, which 
not only assists the circular economy as a whole, but also the sustainability at the 
household level. When the 3-D printed part is no longer useful, it can be shredded and 
used to make filament and printed into new useful products. It is interesting to note that a 
broken stabilizer foot (the raw material used for this study) could be recycled using this 
method into a new stabilizing foot. Each foot weighs less than 93 g (and it could be 
printed with lower infill to weigh even less). In addition, the shipping weight of a single 
foot is 1 lb (453g), which is a factor of 4.87x due presumably to the mass of the 
packaging to ship one [74]. The stabilizing foot costs US$9.99 on E-bay [75], which 
again shows considerable economic savings using the coupled distributed recycling-
manufacturing process. However, more work is needed in this area to determine how 
many cycles are technically feasible. For example, the thermal properties would change 
and torsion strength would decrease as more recycled ABS is being mixed in the virgin 
ABS resin [76].  Future work is necessary to investigate the difference of thermal 
properties and physical properties between printed parts from recycled ABS filament and 
virgin ABS filament, and try to remedy the degradation influence of multiple cycles.  
 Lastly, the printing process consumed more than 90% of the whole energy for 
both processes. This is because printing with a heated bed consumes large quantities of 
energy to maintain the bed at 110 ºC. Future work is necessary to improve the printing 
method to decrease the energy consumption with printing with ABS. Melted ABS cannot 
stick on the cold glass, but it can stick well on PLA thin layers. If the ABS is printed on 
the PLA thin layer instead of heated bed, more than half of the energy can be saved. 
Besides, if the whole system is powered by solar photovoltaic panels [45] instead of 
tradition electricity grid, the energy used can also be totally conserved. 
 A circular economy is an industrial economy that promotes greater resource 
productivity aiming to reduce waste and avoid pollution by design in which material 
flows of technical nutrients are recycled in the industrial system. This study has shown 
that the circle can be tightened by bringing the industrial system within in a single home, 
business, or community center. In this circle, the value can be generated continually as 
post-consumer products are being used to produce new products. In addition, when the 
materials flow in this circle, less energy is consumed and less greenhouse gas is emitted 
than would be otherwise to meet the same consumer desire. Therefore, this couple 
distributed recycling and manufacturing method fits well into the goal of circular 
economy and meets the requirement of sustainable development. 
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3.5 Conclusions 
 This study presents a distributed recycling and manufacturing method with the 
open source recyclebot and RepRap 3-D printer. Post-consumer ABS was recycled and 
then used as material to produce three case study products. The energy consumptions 
were recorded at each step. From the three case studies, it is clear that using traditional 
manufacturing method to produce an ABS product consumes more than double the 
energy compared to coupled distributed recycling and manufacturing method. In addition, 
by tightening the recycling and production loops the circular economy is supported as 
this method also decreases energy use, carbon emissions and has great economic benefit 
for prosumers. 
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4. Conclusions and Recommendations/ Future Work 
4.1 Overview 
This study confirms the potential of recyclebot to reduce the energy and raw 
material consumptions, decrease the greenhouse gas emissions, increase the economic 
benefit and tighten the loop on the circular economy. In this project, the embodied energy 
of recyclebot and mono-crystalline silicon solar photovoltaic system are investigated. The 
energy payback time of an individual recyclebot and the PV powered recyclebot system 
are estimated based on the energy saved from plastics recycling. The recycled filament is 
used to print valuable products by RepRap. The energy consumptions of distributed 
recycling and manufacturing are compared to those of traditional recycling and 
manufacturing. 
 
4.2 Conclusions Summary 
Based on the studies undertaken in this project, the following conclusions are 
drawn: 
4.2.1 Energy Payback Time of Solar Photovoltaic Powered Waste 
Plastic Recyclebot System: 
• The EPBT of recyclebot is just a few days based on the energy saved from 
plastics recycling, so using a recyclebot to create 3-D printing filament from post-
consumer plastics is an effective way to save energy. 
• The PV powered recyclebot system can reduce energy consumption further. The 
EPBT of the whole system is about a month which decreases the EPBT of a single 
crystal photovoltaic system by over 96%. 
 
4.2.2 Tightening the Loop on the Circular Economy: Coupled 
Distributed Recycling and Manufacturing with Recyclebot and 
RepRap 3-D Printing: 
• Distributed recycling method with recyclebot saves energy from transporting, 
sorting, compacting plastics compared to traditional recycling method. 
• Using traditional manufacturing method to produce an ABS product consumes 
more than double the energy compared to coupled distributed recycling and 
manufacturing method. 
• The coupled distributed recycling and manufacturing method can produce 
valuable products from post-consumer plastics with cost of a few cents, which has 
potential to generate great economic benefit. 
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• The coupled distributed recycling and manufacturing method can reduce the raw 
material consumption and use the post-consumer plastics, which tightens the loop 
on the circular economy. 
 
4.3 Future Work 
There is a need to extend the applicability of recyclebot to fit more thermo-
plastics. So far, PLA and ABS have been tested to be recycled by recyclebot and the 
recycled filament has showed good performance. It is necessary to make the recyclebot 
be able to recycle PET as the PET has become the most popular packing material for 
water and soft-drink bottles in the world [1].  
PET is a kind of polymer that has high crystallinity because of the regular 
molecule structure. When the PET is extruded from the recyclebot, the filament tends to 
crystallize and becomes brittle, which makes the filament easy to break and difficult to 
collect. Therefore, it is necessary to set up a water-cooling system by the recyclebot 
nozzle to cool down the filament extruded. A water tank with two anti-rotating twin 
rollers inside can be set by the recyclebot nozzle. The PET filament extruded from the 
recyclebot can be pulled by the twin rollers, and then go through the cooling water and be 
collected by a rotating spooler. The PET filament cooled by water is not crystallized, so it 
is flexible and east to collect. A water tank with only a guide pipe was used to cool the 
PET filament, but the filament extruded was not under a uniform tension, which made the 
filament diameter varies significantly. Therefore, the two anti-rotating twin rollers is 
supposed to be a good method to keep uniform tension on the filament. 
PET has a variety of degradative reactions when the temperature is near the 
melting point, especially the thermal degradation and hydrolytic degradation [2]. The loss 
of molecular weight leads to the decreases in the intrinsic viscosity and melt strength, 
which increases the difficulties for the forming process and affects the qualities of 
products [3]. From some tests of recycling PET pellets by recyclebot, it was difficult to 
pull the melted PET extruded from nozzle and make it form filament because of the low 
melt strength. The PET filament obtained was either too thin or discontinuous. Besides, 
high melting temperature always caused un-melted PET blocking the nozzle, which 
increases the residence time of other PET staying in the heating tube, so the color of 
extruded PET would turn to yellow even after momentary blocking. Therefore, vacuum 
drying the PET pellets before extrusion and setting up a gas-venting section in the heating 
tube of the recyclebot are good methods to prevent the hydrolytic degradation [4]. Using 
longer heating tube and setting up three heating sessions on it can improve PET’s 
plasticization properties, meanwhile increasing the auger rotation speed to decrease the 
residence time, which is able to prevent the thermal degradation [4, 5, 6]. 
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This study just considers energy consumption during the distributed recycling 
process. However, in the recycling process, large quantities of water is also required to 
clean the waste plastics at the beginning state, and this water consumption would 
probably become a restriction for the application of distributed recycling method in some 
locations. Therefore, the water consumption in the recycling process should also be 
investigated, and the cost for recycling should be estimated from both electricity and 
water consumptions in the future work. 
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